Boron Uptake, Translocation and Distribution in Oilseed rape (Brassica napus L.): Effect of Application Methods, Boron Status of Plants and Nitrogen Forms by Dinh, Anh Quang
 
 







Boron Uptake, Translocation and Distribution in Oilseed rape 
(Brassica napus L.): Effect of Application Methods,     




submitted for the Doctoral Degree 
awarded by the Faculty of Agricultural and Nutritional Sciences 






Anh Quang Dinh, M. Sc.  







Dean: Prof. Dr. Karl-Hermann Mühling 
1. Examiner: Prof. Dr. Karl-Hermann Mühling  
2. Examiner: Prof. Dr. Christoph-Martin Geilfus 






































Table of contents 
 
Chapter 1. General Introduction ............................................................................................ - 2 - 
1.1. Boron nutrition, uptake and transport ........................................................................ - 2 - 
1.2. Boron demand of oilseed rape (Brassica napus L.) .................................................. - 5 - 
1.3. Foliar B fertilizer ....................................................................................................... - 5 - 
1.4 Uptake of B in relation to nitrogen and soil pH ........................................................ - 7 - 
1.5 Objective .................................................................................................................... - 8 - 
1.6 References ................................................................................................................... - 9 - 
Chapter 2. Growth and Distribution of Boron in Oilseed rape (Brassica napus L.) as Affected 
by Boron Supply ........................................................................................................ - 14 - 
Chapter 3. One-Time Foliar Application and Continuous Resupply via Roots Equally Improved 
the Growth and Physiological Response of B-Deficient Oilseed Rape ..................... - 30 - 
Chapter 4. Boron Uptake and Distribution by Oilseed Rape (Brassica napus L.) as Affected by 
Different Nitrogen Forms under Low and High Boron Supply ................................. - 55 - 
Chapter 5. General Discussion ............................................................................................ - 68 - 
5.1. Effect of B supply on biomass and B concentration in oilseed rape ........................ - 68 - 
5.2. Photosynthesis as influences by foliar B application ............................................... - 70 - 
5.3. Impact of foliage and roots resupply B on the expression of B transporter genes ... - 70 - 
5.4. Specific B uptake rates and B distribution in oilseed rape ....................................... - 71 - 
5.5. Ammonium nutrition enhances the expression of BnaBOR1;2 and BnaNIP5;1 in the 
roots and shoots of oilseed rape under marginal B supply ...................................... - 72 - 
5.6. References ................................................................................................................ - 74 - 

















Chapter 1. General Introduction 
2 
 
Chapter 1. General Introduction 
 
1.1.  Boron nutrition, uptake and transport 
Boron (B) is a unique element since it has chemical and physical properties that lie between 
metals and non-metals. Boron has different isotopes and the most abundant among these are 
11B (80.1 atom%) and 10B (19.9 atom%) (Uluisik et al., 2018). Boron in the plants and in the 
soil exists mostly as an uncharged boric acid (B(OH)3) and only a small fraction occurs as 
borate anion (B(OH)4-) (Broadley M, 2012). Boric acid is a weak monobasic acid, which acts 
as Lewis acid with the borate anion form, their relative proportions depend upon the pH, with 
a pKa value of 9.24 according to the following equation: B(OH)3 + H2O ↔ B(OH)4- + H+. The 
predominant form of B depends upon the pH, at an acidic or neutral pH value, the equilibrium 
is obviously shifted greatly towards boric acid. While the formation of the anion borate is only 
possible and geared towards soils with higher pH. This means that B adsorption is mainly pH-
dependent, and boric acid is known to be the major chemical form of B taken up by plants 
(Broadley M, 2012). 
The functions of B in the vascular plants have been established such as maintenance of the 
plasma membrane integrity, cell walls constitution, involvement in the biosynthesis of 
metabolomics, stimulation of the reproductive organs and eventually improvement in the 
quality of seeds (Cakmak et al., 1995; Goldbach & Wimmer, 2007; Broadley M, 2012; Wimmer 
et al., 2015; Wimmer et al., 2019). In addition, B is also involved in the synthesis of nucleic 
acid, phenolic metabolism, carbohydrate biosynthesis and translocation, pollen tube 
development, and root elongation (Brown et al., 2002; Landi et al., 2019; Wimmer et al., 2019). 
The main symptoms of B deficiency in the plants are reduced leaf expansion and inhibited roots 
elongation, and finally reduced yield and quality of crops (Gupta, 1980; Brown et al., 2002; 
Goldbach et al., 2007). 
Boron is taken up by plant roots from the soil as boric acid, which is a small and uncharged 
molecule (Marschner, 2012). There are three uptake pathways associated with B uptake by 
plants namely (Fig. 1): passive diffusion, facilitated uptake via channels and active uptake via 
boron transporters (Brown et al., 2002; Miwa & Fujiwara, 2010; Yoshinari & Takano, 2017). 
It is evident that under sufficient or high B supply, the passive diffusion of boric acid is 
dominant for the uptake of B through plasma membrane. Several factors influence the passive 
uptake of boric acid into the plants such as the transpiration rate, the permeability of plasma 
membrane and the concentration of boric acid in the soil solution (Dordas & Brown, 2000; 
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Brown et al., 2002; Wimmer et al., 2015). Plants B requirements can be compensated under 
limited B supply via facilitated uptake through channels. These channels belong to the Major 
Intrinsic Proteins (MIPs) and have been discovered as a major component for facilitating B 
uptake in plants. The facilitated uptake is known to occur under conditions of low B supply 
(Dordas & Brown, 2000). Several boric acid channels involved in B uptake under limited B 
supply have been discovered recently. One of these channels is the NIP5;1, which facilitates B 
influx into roots cells of Arabidopsis (Takano et al., 2006). Takano et al. (2008) identified yet 
another channel namely NIP6;1 which is responsible for the xylem-phloem transfer of B and B 
distribution within the shoot. In addition, the plants use BOR1 exporter for the export of borate 
into the xylem under limited B supply as discovered by Takano et al. (2002). It is known that 
the main function of BOR1, which is located predominantly in the root pericycle cells, is B 
loading in the form of borate into the xylem and its transport against the concentration gradient 
(Takano et al., 2002; Yoshinari & Takano, 2017). Takano et al. (2002) found that the B 
concentration in xylem saps of the wild type plant was higher than the mutant and attributed 
this fact to the relatively higher expression of BOR1 in former plant species. The same group 
of authors (Takano et al. 2005) established that the expression of BOR1 in A. thaliana is also 
post-transcriptionally regulated. They also found that at higher concentrations of B, BOR1 is 
degraded, and this B concentration-dependent degradation of BOR1 is essential to prevent 
overaccumulation of B in shoots at higher B levels in soils. Boron uptake by roots and its 
translocation from roots to shoot via xylem are the two main processes that ensure the transport 
of B to the specific tissues and support the plant growth when the availability of B in the soil is 
limited (Takano et al., 2006; Miwa & Fujiwara, 2010; Reid, 2014). Recently, some isoforms of 
BOR1 and NIP5;1 have been identified in the crops, including BnaBOR1’s and BnaNIP5;1 in 
Brassica napus which are involved in B absorption and transport of B into roots and shoots 
(Yang et al., 2013; Hua et al., 2016; Wang et al., 2017; Diehn et al., 2019).  




Fig. 1. Three B transport mechanisms in plants - A model. (A)  1) Simple diffusion of boric 
acid, 2) Facilitated diffusion of boric acid via NIP5;1, 3) Borate export via BOR1/2. (B) Under 
low-B conditions, cell-type-specific expression patterns of NIP5;1, BOR1, and BOR2 
in Arabidopsis roots (Yoshinari & Takano, 2017).  
Boron, like many other elements, is not uniformly distributed within the various organs of the 
plants. The concentration of B in different organs of plants also depend on the age of the species 
and organ of the plants. There is clear evidence of B mobility within plant tissues (Brown & 
Shelp, 1997). On one hand, higher B concentration was also observed in younger leaves in 
comparison with older leaves, and this phenomenon was an indication of B mobility in some 
species. On the other hand, B concentration in mature leaves has been found to be higher than 
that of younger leaves, and this has been suggested as possible evidence of B immobility in 
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plants (Brown & Shelp, 1997). The phloem mobility of B is highly variable among the plant 
species and depend on the binding of B with sugar alcohols such as sorbitol or mannitol (Brown 
& Shelp, 1997; Will et al., 2011). In fact, in the species having the high translocation of sugar 
alcohols in the phloem, borate can bind with the sugar alcohols and can easily remobilize from 
older leaves to the young leaves (Brown & Hu, 1996; Eichert & Goldbach, 2010). Moderate B 
mobility in the phloem of oilseed rape and wheat is also related to the translocation of sucrose 
in the phloem (Stangoulis et al., 2010). 
1.2. Boron demand of oilseed rape (Brassica napus L.) 
Oilseed rape is one of the most cultivated worldwide oilseed crops. It requires a high amount 
of B supply for growth and is highly sensitive to B deficiency and most responsive to external 
B supply (Shorrocks, 1997). However, oilseed rape is often grown in soils with low B 
availability such as alkaline soils or sandy soils under rainfall conditions. The first response of 
oilseed rape to B deficiency is reduced growth, which finally ends at a significant decrease in 
the yield (Gupta, 1980). Oilseed rape has a high demand of B for growth, which depends on the 
growth stages. In general, under limited B supply, roots and shoots growth is interrupted 
through inhibition of the cell division and cell enlargement (Dell & Huang, 1997). Moreover, 
B deficiency in oilseed rape led to “flowering without seed setting” and finally yield losses 
(Zhang et al., 2014; Eggert & von Wiren, 2016). Boron requirement for most of the B. napus 
cultivars is higher than 0.5 mg B kg-1 soil, which is more than the concentrations commonly 
existing in many agricultural soils (Shorrocks, 1997). 
 
Fig. 2. The symptoms of B deficiency in oilseed rape  
1.3. Foliar B fertilizer 
Oilseed rape plants growing in the soil with high soil pH, low B availability, or in drought 
periods during the growth stages are particularly at risk of obtaining insufficient B supply. The 
B deficiency in plants can be alleviated by the application of B fertilizers, as soil fertilization 
or foliar spray (Shorrocks, 1997; Fageria et al., 2009; Fernández et al., 2013). Foliar 
applications may sometimes be more effective than applying boron to the soil. Studies have 
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shown that the foliar application of B fertilizers increase crop yields (Noreen et al., 2018) 
through improving B concentration in leaves and fruiting parts of the plants (Eichert & 
Goldbach, 2010). In some restricted condition, foliar application of B can be more effective and 
feasible than soil application, since foliar-applied B can be directly taken up by the leaves 
(Shorrocks, 1997). The field trials with Brassica oleracera have confirmed that foliar B 
fertilized plants produced significantly higher yield than soil B fertilized plants under B 
deficiency (Shelp et al., 1996). The authors assumed that foliar-applied B has greater mobility 
in plants, possibly due to access to a transport route within the plant inaccessible for soil-applied 
B under unfertilized conditions. Shorrocks (1997) have reported that B requirement for the 
growth of oilseed rape is 320 g ha-1. Three-year field experiments in Germany with B. napus 
receiving foliar application 250 g B ha-1 together with Epsom salt twice annually showed 3-7% 
higher yield (Orlovius, 2001). At any specific development stage, the major advantage of the 
foliar application is that it can be performed very quickly following diagnosis of B deficiency 
(Fernández & Eichert, 2009). Jankowski et al. (2016) reported beneficial effects of the foliar 
application of B at 150-300 g ha-1 on the nutritional value of winter oilseed rape seeds. 
A narrow range between the deficient and toxic concentration of B implies that specialized soil- 
and crop-specific knowledge is required to use B fertilizers. A danger of toxic effects of B are 
associated with repeated fertilization for several years, application of B to seeds or placement 
of fertilizer near the seeds and for this reason, these treatments are not recommended 
(Shorrocks, 1997). The B content of irrigation water more than 10 mg B L-1 can lead to B 
toxicity in semiarid and arid areas (Broadley M, 2012). Since oilseed rape is relatively tolerant 
to B toxicity, other crops of the rotation may show toxicity at a specific fertilizer application 
rate which is not toxic to oilseed rape. Chlorosis at leaf tips and margins, followed by the 
gradual development of necrotic spots on the entire leaves, are the main symptoms of B toxicity 
in oilseed rape (Orlovius, 2003; Savic et al., 2013). 
The chemical forms of B used for foliar fertilizer, such as boric acid and Solubor (Na borate), 
are highly soluble and effective (Wimmer et al., 2015). These both forms of B are uncharged 
and have a small molecule, and hence can pass easily through cuticular membranes. However, 
depending upon crop type, differences may exist in the relative absorption efficiency of these 
two B forms. Cotton receiving foliar applications of boric acid and sodium borate showed 
different concentration of B in tissues, but soybean did not show such fertilizer-specific 
differences (Guertal et al., 1996). Hence, foliar application is an appropriate approach for 
correcting its deficiency.   
Chapter 1. General Introduction 
7 
 
1.4 Uptake of B in relation to nitrogen and soil pH  
Several factors are known to affect B uptake in plants, e.g. soil pH, organic matter, texture and 
salinity. Among these, soil pH is the most important factor affecting the availability and uptake 
of B by plants. This is because the equilibrium between boric acid and borate in the media (soil) 
is pH-dependent, with a pKa of 9.24 (Wimmer et al., 2015). It has been established that at soil 
pH value below 7, more than 99% of the B present in the form of boric acid, which is readily 
available for plant uptake. Boron occurs as borate anion in alkaline soil, and is known to be 
adsorbed on organic matter, clay minerals and oxides (Wimmer et al., 2015). Tsadilas et al. 
(2005) reported that soil liming increased soil pH and significantly reduced B availability with 
a strong negative correlation with the soil pH. However, these authors observed non-significant 
effect of the N-forms on pH of the soil. Reynolds et al. (1987) reported that N forms had 
minimal but very essential effect on final soil pH and that the total amount of B in mature leaves 
could be attributed to the pH of the soil, which reduced the B concentration about five-folds 
between pH range of 7.0-7.4.  
As elaborated earlier, the cationic and anionic properties of nitrogen (N-forms) determines how 
the pH of nutrient solution would be, and this might have an opposite effect on B uptake under 
low or adequate/high B supply. Since N supply in the form of NO3- leads to a pH increase in 
the rhizosphere, one could expect enhanced B uptake under conditions of low or limited B 
supply, where active B uptake as borate is relevant. On the other hand, N supply in the form of 
NH4+ results in a reduction of rhizosphere pH, and therefore B uptake could be enhanced under 
adequate or high B supply, when passive and facilitated uptake pathways of boric acid are more 
important.  
Although, B can solely be taken up by plants but its uptake by plants has known to be enhanced 
by other macronutrients especially nitrogen. Gupta (1980) reported that the uptake of B was 
markedly affected by the presence of other nutrients. It was established that the addition or 
supply of some nutrients such as nitrogen reduces the toxicity effects of high B levels. It has 
also been proposed by (Gupta, 1980) that among the macronutrients, N has been known to be 
the most vital in its effects on B uptake by plants. These authors observed that the degree of 
benefits gained in barley and wheat was related to the N rates and type of plant species. They 
further showed in cereals that increasing rates of N supplied to an initially deficient soil, 
significantly decreased B concentration of boot stage tissues in a greenhouse experiment. 
Irrespective of the N effects on B uptake, N supply has been found to alleviate B toxicity in 
crops. It has been evident that certain plant nutrients especially N could reduce the harmful 
effects of high B levels if not totally eradicated (Alt & Schwarz, 1973). Koohkan and Maftoun 
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(2016) found out that shoots B concentration was markedly affected by B and addition of N to 
the soil. They also found that N and B interaction was significant for shoot B concentration. 
The question whether pH and N-forms have direct effect on the uptake of B by plants has been 
highlighted by McCrimmon and Karnok (1992). They reported a positive relationship between 
pH and B concentration when different N-forms were supplied to cut, uncut and verdure 
Creeping bentgrass. The changes in pH observed in the different N-forms reflected in the 
micronutrient (e.g. B) concentrations of root and verdure tissues.     
1.5 Objective  
In the first part of this study, we investigated the growth and distribution of B in oilseed rape 
(Brassica napus, cv. Alpaga) grown in the nutrient solution. The correlation between shoot B 
concentration and B in the nutrient solution was developed and the levels of external B 
concentration below and above which growth is limited were determined (Chapter 2). 
Although the practice of foliar B application has been used worldwide, little research has been 
carried out on the comparative physiological and growth responses of B-deficient B. napus 
plants resupplied with B via roots and leaves. Therefore, in the second part of the thesis, we 
investigated the effect of continuous B resupply via roots and one-time foliar application on the 
growth, B concentration in different tissues and physiological behaviour of B-deficient brassica 
plants under hydroponics condition. Different levels of foliar-applied B were compared for their 
effectiveness and any possible toxicity. Moreover, we also investigated the expression levels of 
boric acid channel (NIP5;1), which controls B uptake and transport under limited B condition 
via facilitated diffusion of B to the roots cells, and of borate transporter BOR1 which control 
active uptake and transport of B through the xylem in roots and leaves of the plants (Chapter 
3).  
Having known that the dominant B uptake pathway under optimum B supply is the passive 
diffusion of boric acid, while under low B supply, B requirements can be met through facilitated 
and/or active uptake of boric acid or borate, we hypothesised that N forms might affect B uptake 
by plants depending on the B supply level. More specifically, in the third part of this study, we 
investigated if the nitrate-induced increase in pH would reduce B uptake especially at optimum 
B supply, where passive diffusion dominates. Additionally, we tested the question whether 
NH4+ and NO3- have opposite effects on B uptake at low B supply (Chapter 4).  
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Oilseed rap (Brassica napus L.) is one of the most important oilseed crops and has relatively 
high B requirements for growth. In this study, the hydroponic experiment was performed to 
determine the critical B requirement and B distribution in B. napus. The plants were grown for 
four weeks at a range of B levels (0.25 to 1000 µM) supplied in the nutrient solution. Results 
showed significant differences in the root and shoot dry matters and B accumulation in these 
tissues among the supplied B levels. Severe visible symptoms of B deficiency were observed 
on the leaves at levels lower than 1 µM B and of toxicity at 1000 µM B in the nutrient solution. 
The maximum shoot and root dry matters were recorded at 25 uM B in the nutrient solution. 
The plants supplied with the lowest and the highest B levels produced 35% and 37% lesser 
shoot dry matter than those supplied with 25 µM B, while the corresponding decreases in the 
root dry matter were 48% and 36%, respectively. The critical concentration of B, the lowest 
concentration at which plants produced 90% of the maximum shoot dry matter, was proved to 
be 1 µM B for oilseed rape. At this level of external B supply, B concentration in the shoot was 
26.9 mg kg-1 DM. It was found that with the increase in B level in the nutrient solution, the 
relative distribution of B between roots and shoots shifted in favour of shoots. 
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Boron (B) is a micronutrient for the growth and development of vascular plants (Broadley M, 
2012). Boric acid (B(OH)3), an uncharged molecule, is known to be the major chemical form 
of B taken up by plants (Broadley M, 2012). About 96% of B in the soil as well as in plants 
exists in the form of boric acid (B(OH)3) and only a small fraction occurs as borate anion 
(B(OH)4-) (Wimmer et al., 2015). Research has established that B is the only element that is 
taken up by plants as a neutral molecule. In acidic soil, the relative proportion of boric acid over 
borate anion will be higher than that in neutral or alkaline soil, and hence the proportional 
uptake of B will be higher in the former case. Subsequent to its uptake by roots, B is translocated 
to the shoots and reproductive structures by transpiration stream via vascular tissues (Brown & 
Shelp, 1997). 
The minimum concentration of a nutrient in a specified plant part required to produce 90% of 
the maximum biomass or yield of a plant species is called “critical concentration” (Smith, 
1986). The B requirements of plants generally depend on two main factors, the plant species 
and the stage of development (Broadley M, 2012). Among plants species, the oilseed plants 
have the highest B requirements, and B requirement at reproductive stages is higher than that 
at vegetative stages of growth. Dell and Huang (1997) suggested that the apparent higher B 
requirement during the reproductive stage of growth arise from the fact that low transpiration 
rate at this stage reduces B supply to the reproductive tissues which are usually located at the 
far-ends of plants.  
A number of studies have diagonalized critical B concentration for oilseed rape, but these vary 
widely in value, and most of them are specific with respect to sampling time, plant part sampled 
and the fraction of B analysed in plants tissue. For example, Huang et al. (1996) estimated that 
the critical concentration for B deficiency is 10-14 mg B kg-1 dry matter in the youngest opened 
leaf and 6-8 mg B kg-1 dry matter in the youngest mature leaves. On the other hand, (Rashid et 
al., 1994) reported critical B concentration to be 32 mg kg-1 in whole shoot and 38 mg kg-1 in 
mature leaves for B. napus grown in calcareous soils. Bergmann (1992) observed the typical B 
deficiency symptoms on the leaves of B. napus grown in the nutrient solution containing less 
than 0.3 µM B. Similarly, Asad et al. (1997) used a chelating resin to keep constant B 
concentration in the nutrient solution and found that the plants showed severe decrease in the 
biomass at the nutrient solution B concentration of ≤0.3 µM.  
Oilseed rape is the major global oilseed crops having high B demand for growth and seed 
production (Gupta, 1980). Nevertheless, oilseed rape is highly sensitive to B deficiency, which 
inhibits the growth of roots and shoots by limiting cell elongation and finally reduced yield 
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(Dell & Huang, 1997; Stangoulis et al., 2001). To achieve the maximum yield potential, the B 
requirement of oilseed rape is more than 0.5 mg B kg-1 soil, whereas B toxicity symptoms occur 
at the soil B level of 5 mg kg-1 soil (Shorrocks, 1997). In the present study, we investigated the 
growth and distribution of B in oilseed rape (Brassica napus, cv Alpaga) grown at a range of B 
levels (0.25 – 1000 µM B) in the nutrient solution. The relationship between the external B in 
the nutrient solution and B concentration in the shoot was developed. The levels of external B 
below and above which growth is limited were identified. 
2. Material and Methods 
2.1 Plant culture 
The hydroponic experiment was conducted in the greenhouse of the Institute of Plant Nutrition 
and Soil Science, Kiel University, Germany. Greenhouse conditions were set as follows: 22 
oC/18°C (day/night) temperature, 60% relative humidity, and 14 h d-1 photoperiod from 6:00 to 
20:00 with 250-320 μmol photon m-2 s-1 light intensity recorded by a lightmeter (Li-189, 
Lincoln, USA). Oilseed rape (Brassica napus L. cv. Alpaga) seeds, provided by Norddeutsche 
Pflanzenzucht Lembke (NPZ), Hohenlieth (Germany), were soaked in aerated 1 mM CaSO4 
solution for 24 h. Afterwards, the seeds were rinsed with distilled water and sandwiched 
between two layers of moist filter paper. Sandwiched seeds were transferred into a container 
containing 1 mM CaSO4 solution and kept in dark for 4 days and later for 2 days in the light. 
Six days after germination, oilseed rape seedlings were transferred into plastic pots containing 
4.5 L aerated quarter strength modified Hoagland nutrient solution. The concentration of the 
nutrient solution was increased to one-half strength on day 4 and to full strength on day 8 after 
transplanting. The composition of the full-strength nutrient solution was as follows: 2.0 mM 
Ca(NO3)2, 0.5 mM K2SO4, 0.25 mM KH2PO4, 0.325 mM MgSO4, 50 µM NaCl, 2 µM MnSO4, 
0.4 µM ZnSO4, 0.4 µM CuSO4, 0.1 µM Na2MoO4 and 40 µM Fe-EDTA. The B treatments, 
which were applied from the beginning, included a series of B levels viz. 0.25, 0.5, 1.0, 2.5, 
5.0, 10.0, 25, 50, 100, 250, 500 and 1000 µM B (H3BO3) in the nutrient solution. The pH of the 
nutrient solution was adjusted to 6.0-6.5 daily with 0.1 M KOH or HCl throughout the growth 
period. Nutrient solutions were renewed every 3-4 days depending on the growth of the plants. 
Double deionized water (18.2 MΩ) was used for the preparation of nutrient solutions to avoid 
B contamination.  
2.2. Harvesting and analytical methods 
The experimental units having four replicates were arranged in a completely randomized 
design. The plants were harvested on day 28 after transplanting when they have got four to five 
fully expanded leaves. The roots and shoots were harvested separately, rinsed with deionized 
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water three times to remove the adhering nutrients on plant material and dried at 65°C until 
constant weight. The dry matters of the roots and shoots were recorded, and dried tissue samples 
were ground to a fine powder using a ball-mill grinder. Approximately 200 mg of dried material 
was digested in 10 mL of 69% HNO3 (ROTIPURAN Supra for ICP, 69%) in a closed-vessel 
1800 watts microwave digestion system (MARS 6 Xpress, CEM Corporation, Matthews, USA) 
with the settings as described in details by Jezek et al. (2015). Afterwards, the digested samples 
were diluted with 2% HNO3 to 100 mL and stored at 4ºC until further analysis. The 
concentration of B was determined by an inductively coupled plasma mass spectrometer (ICP-
MS; Agilent 7700, Agilent Technologies Inc., USA). The translocation factor was calculated 
as the ratio of B concentration in the shoots to that in the roots (Wu et al., 2016). 
2.3 Data analysis 
Significant differences between treatments were determined by Duncan’s test and One-way 
ANOVA at the level of 0.05 by using the SPSS 22.0 software. All the values in this study were 
means ± SE from four biological replicates. The graphs were made using Graphpad Prism 8.4.2 
software.  
3. RESULTS 
3.1. Dry matter yield and B concentration in roots and shoots 
Serve visible symptoms of B deficiency and toxicity, such as chlorosis at the leaf margin and 
leaf tips, were observed on B. napus leaves at lower and higher levels of B in nutrient solution 
(Fig. 1). Roots and shoots dry matter of B. napus significantly (p ≤ 0.05) depended upon the 
level of B supplied in nutrient solution (Fig. 2). Although nonsignificant differences in dry 
shoot matters were observed between 1.0 to 100 µM B treatments, the dry matters increased 
with each succeeding level till 25 µM B and started declining at and above 100 µM B in the 
nutrient solution. With the statistically nonsignificant difference from that obtained at 10, 50 
and 100 µM B treatments, the maximum root dry matter was recorded for 25 µM B treated 
plants. As compared to 25 µM B, roots dry matter was reduced by 48%, 24%, 23%, and 18% 
at 0.25, 0.5, 1.0 and 2.5 µM B treatment, respectively. Similarly, as compared to 25 µM B, 
higher B levels viz. 250, 500 and 1000 µM reduced root dry matter by 21%, 22% and 36%, 
respectively.  
Low or high B supply similarly affected shoot dry matter; however, the effect of the lowest or 
highest B supply on shoot dry matter was lesser severe than root dry matter. The plants supplied 
with the lowest and highest B levels produced 35% and 37% lesser shoot dry matter than that 
achieved with 25 µM B treatment (Fig. 2A). Although the shoot dry matter of the plants treated 
with 25 µM B tended to be higher than that produced at the preceding or succeeding levels, the 
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differences were statistically nonsignificant. Interestingly, the plant treated with 1 µM B in the 
nutrient solution produced 90% of the maximum shoot dry matter as produced at 25 µM B.  
As expected, the increase of B supply followed a concomitant increase in B concentration in 
the roots and shoots of B. napus plants. The lowest B concentration in roots (15.3 mg kg-1 DM) 
was recorded at 0.25 µM B in the nutrient solution, whereas increasing B supply from 1.0 to 10 
µM B showed a nonsignificant increase (p≤ 0.05) during 28 days experiment periods. However, 
increasing B supply from 25 µM to 100 µM (4-fold) and 1000 µM (40-fold) increased root B 
concentration by 1.5 fold and 3.2 fold, respectively. Similarly, B concentration in the shoots 
increased significantly with B supply level in the nutrient solution. The plant supplied with the 
lowest B level in the nutrient solution, B concentration in the shoot was 12.1 mg kg-1 DM. With 
the highest B supply, the concentration of B in the shoot was 4-fold higher as compared to 25 
µM B treated plants. Boron concentration in the shoots was higher than that in the roots in all 
B treatments, and increasing B supply further favoured this trend (Fig. 3).  
Boron translocation from roots to shoots was not affected at low B supply levels (0.25 to 1 µM 
B) in the nutrient solution (Table. 1). Interestingly, the translocation factor was increased by 
increasing the B concentration in the nutrient solution from 2.5 to 10 µM B and then remained 
relatively constant till 250 µM B. However, the plants growing under 500 and 1000 µM B in 
the nutrient solution drastically increased the translocation factor, i.e. increased by 14% and 
22% than the 25 µM B treated plants. A highly positive linear relationship (R2 = 0.97) was 
found between shoot B concentration and B supply in the nutrient solution after 28 days of the 
experiment (Fig. 4). However, a less positive linear relationship (R2 = 0.529) was observed 
between roots B concentration and increasing B supply from 0.25 to 5 µM B in the nutrient 
solution.  
4. Discussion 
In this study, we clarified the response of B. napus grown with different B concentration ranging 
from deficiency to toxicity in the hydroponic. This is challenging because B has high mobility 
and it’s a trace element with a very narrow range between deficiency, adequacy and toxicity. A 
few studies have been conducted to clarify the concentration which adequates for B. napus 
growth in the hydroponic by using B chelating resins (Asad et al., 1997; Stangoulis et al., 2001; 
Savic et al., 2013). With an optimistic expectation, covering a wide range of B supply from 
lowest (0.25 µM B) to highest (1000 µM B), the growth response of plants has been found to 
follow the optimum curve (Fig. 2). Nonetheless, visible symptoms of B toxicity on leaves of B. 
napus plants at highest B (1000 µM B) appeared even before significant growth retardation was 
observed. It was found that B deficiency (0.25 µM B) and B toxicity (1000 µM B) severely 
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affected the biomass of B. napus (Fig. 2) compared to the optimum (25 µM) B supply. This 
finding is actually in accordance with what was reported above by Asad et al. (2002); Savic et 
al. (2013)was Yang et al. (2013). The maximum biomass performances of B. napus plants were 
obtained at 25 µM B external concentrations (Fig.2). Interestingly, obtaining maximum 
biomass at vegetative growth in B. napus at this B level is slightly higher as compared with 
what has earlier been reported by Huang et al. (1996), Asad et al. (1997), and Stangoulis et al. 
(2001). The critical value indicates that B. napus plants supplied with different B concentrations 
responded very well at this concentration; it could be established that the critical B in the 
nutrient solution for four weeks old B. napus in the present work were found to be 1 µM B. At 
this B level in the nutrient solution, B concentration in the shoot was 26.9 mg kg-1 DM, which 
was lower than critical B concentration (32 mg kg-1 DM ) in whole shoots of oilseed rape as 
determined by (Rashid et al., 1994). The reduction in growth and increase in B concentration 
in plant tissues as a consequence of B toxicity has been established in B. napus (Stangoulis et 
al., 2001).  
As it was expected, roots and shoots B concentration were increased with the increasing level 
of B supply in the nutrient solution, with always higher B concentration in the shoots than in 
the roots (Fig. 3). After 28 days of the experiment, shoots B concentration at the lowest B supply 
level was 12.1 mg kg-1 DM, which is below the critical concentration for B deficiency in oilseed 
rape as described by Savic et al. (2012) and Rashid et al. (1994).  
The observation that roots B concentration did not significantly increase between the treatment 
treated with B ranging from 2.5 to 10 µM B in the nutrient solution (Fig. 3), indicates that 
preferential B binding in the cell wall of the roots saturate the cell walls and decrease the ability 
of plant to further accumulate B in roots (Matoh, 1997; O'Neill et al., 2004). Nevertheless, 
shoots B concentration was increased with the increase of B supply from 2.5 to 10 µM B, 
because only a part of B is bound in the cell walls of roots while the remaining free B is 
translocated to the shoot via transpiration stream (Matoh, 1997; Wimmer & Eichert, 2013; 
Funakawa & Miwa, 2015). Higher B supply levels favoured the partitioning of B into shoots, 
which accumulated 3-4 fold higher B than roots (Fig. 2). These findings are in agreement with 
Dannel et al. (1998) who showed that shoot B accumulated was higher than in the roots of 
sunflower.  
The plants did not show any symptoms of B toxicity during the early stage of vegetative growth, 
the symptoms became apparent and more severe with time, when the plant kept on absorbing 
and accumulating more B in the leaves (Savic et al., 2013). The increase in roots and shoots dry 
matter of B. napus were accompanied by an increase in B concentration in the plant parts, 
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resulting in an increase in B content in the plant. Taken together, the results are consistent with 
the view that preferential B distribution in the shoot of B. napus plants is mainly influenced by 
transpiration, leading to higher B accumulation in the leaves via the transpiration stream, and 
finally resulting in B toxicity.  
5. Conclusion 
In conclusion, this study showed that the critical concentration of B in the nutrient solution was 
1 µM, at this level, the B. napus produced 90% of shoots dry matter response as compared to 
the sufficient B supply (25 µM). The increasing B supplied in the nutrient solution lead to 
increased shoots and roots B concentration and increased B distribution in the shoots, less in 
the roots. The translocation factor did not affect by the moderate B supply to the nutrient 
solution. There was a close correlation between B concentration in the nutrient solution and B 
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Table 1. The distribution of B, ratio shoot/root dry matter and translocation factor between 
shoots and roots of B. napus with B treatments. 
Fig. 1. Growth performance of oilseed rape (Brassica napus, cv. Alpaga) grown in the 
hydroponic condition under low B supply for 10 days. 
Fig. 2. Shoot (A) and root (B) dry matter yields and shoot biomass response (C) of Brassica 
napus grown with different B concentration in nutrient solution for 28 days. Dropbox represents 
the means (±SE) of four independent pot replicates. Different letters indicate significant 
differences between the treatments (P ≤ 0.05).  
Fig. 3. Boron concentration in shoots (A) and roots (B), and relative distribution B in shoots 
and roots of B. napus grown with different B concentration in nutrient solution for 28 days. 
Bars represent means (±SE) of four independent pot replicates. Different letters indicate 
significant differences between the treatments (P ≤ 0.05).  
Fig. 4. The linear regression of between B concentration in the nutrient solution and shoots B 
concentration (A), roots B concentration (B) in Brassica napus grown with different B 
concentration in nutrient solution for 28 days. Data points represent the means (±SE) of four 
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Table 1.  
B in the nutrient 
solution (µM) 
Shoot total B/root 
total B 
Shoot DM/root DM 
Translocation Factor 
(TF) 
0.25 8.92 9.08 0.98 
0.5 7.53 7.71 0.97 
1 10.16 8.54 1.18 
2.5 12.71 7.99 1.59 
5 14.80 7.56 1.96 
10 18.30 7.34 2.48 
25 17.91 7.32 2.45 
50 19.30 7.31 2.39 
100 13.44 7.53 1.90 
250 18.66 8.15 2.27 
500 23.94 7.21 3.30 
1000 30.12 7.64 3.92 
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Oilseed rape (Brassica napus L.) is high boron (B) demanding crop, and initially, normal 
growing plants might show B deficiency at advanced growth stages on soils with marginal B 
availability. Hence, we compared the effects of B resupply via roots and leaves on growth and 
physiological response, and relative expression of B transporters in B-deficient oilseed rape 
plants. Four-week-old plants initially grown with inadequate B (1 µM B for first two weeks and 
0.25 µM B for next two weeks) were later grew either as such with 0.25 µM B, with 25 µM B 
in nutrient solution or foliar sprayed with 7 mL of 30, 60 and 150 mM B solution plant-1 as 
boric acid. Plants grown with 25 µM B in the nutrient solution from the beginning were included 
as adequate B treatment. Results showed that B resupply to B-deficient plants via roots and 
leaves (60 mM B) equally improved root and shoot dry matters, but not to the level of plants 
grown with adequate B supply. Foliar applied 150 mM B proved toxic, whereby causing leaf 
burn but not affecting dry matters. Resupply of B via roots increased B concentration in roots 
and leaves, while leaf-applied B did so only in leaves. Net carbon assimilation had a positive 
relationship with dry matters accumulation. Except for the highest foliar B level, B resupply 
via roots and leaves increased the accumulation of glucose, fructose and sucrose in leaves. 
Boron deficient plants showed significant upregulation of BnaNIP5;1 in leaves and roots and 
of BnaBOR1;2 in roots. Boron resupply via roots reversed the B deficiency-induced 
upregulation of BnaNIP5;1 in roots, whereas the expression of BnaBOR1;2 was reversed by 
both root and foliar B resupply. In leaves, B resupply by both the methods reversed the 
expression of BnaNIP5;1 to the level of B adequate plants. It is concluded that B resupply to 
B-deficient plants via roots and leaves equally, but partially corrected B deficiency in B. napus 
















Oilseed rape (Brassica napus L.) is one of the major oilseed crops and used worldwide for 
animal and human nutrition. It is highly sensitive to B deficiency, having B requirements higher 
than 0.5 mg B kg-1 soil [1], and shows a notable reduction in seed yield and quality under B 
deficient conditions [2,3]. Nevertheless, oilseed rape is often cultivated on soils with low or 
reduced B availability to plants by liming, high soil pH and drought periods during the main 
growth stages [4,5]. Therefore, a continuous B supply is important throughout the vegetative 
and reproductive stages for normal growth of plants. Boron deficiency appears often after hot, 
dry weather because less B can be absorbed by plants as the top soil dries out. The decreased 
availability probably results from B becoming less mobile in the mass flow to the roots and by 
polymerisation of boric acid [2]. Boron deficiency is considered to inhibit plant growth and 
reduce yield in oilseed rape [1,6,7]. Physiological responses of the plants to B deficiency relate 
to the instability of the cell wall and membrane, resulting in the inhibition of the root elongation 
and expansion of leaves [3,8]. In addition, B deficiency affects carbohydrate metabolism and 
nucleic acid synthesis, and thus could lead to complete inhibition of the absorption and transport 
of the nutrients in several cases [2,9]. The photosynthetic rate, transpiration rate, stomatal 
conductance, leaf gas exchange and intercellular CO2 concentration are severely arrested under 
B deficiency [10].  
 The B-deficiency in plants can be alleviated by the application of B fertilizers, as soil 
fertilization or foliar spray [1,11,12]. Studies have shown that the foliar application of B 
fertilizers increase crop yields [13] through improving B concentration in leaves and fruiting 
parts of the plants [14]. A three-year field experiment in Germany showed that foliar application 
of 250 g B ha-1 twice annually, on each occasion together with Epsom salt, led to increased 
yield of B. napus [15]. Jankowski, et al. [16] reported that leaf-application of B at 150-300 g 
ha-1 to winter oilseed rape significantly improved the nutritional value of the seeds. Recently, 
Ma, et al. [17] reported that foliar application of 500 mg B ha-1 during the early flowering stage 
of canola plants in the field trial showed elevated B concentration and accumulation in straw 
but this effect was not fully translated to seed yield.  
Under conditions of restricted soil B availability, foliar application of B may be more effective 
than soil application because the foliar-applied B can be directly taken up via leaves and is not 
fixed in the soil as it happened with the soil application [1,12]. Moreover, for Brassicaceae and 
Chenopodiaceae species that have high B requirements than other crops, fertilization of soils 
with B can lead to toxicity of this micronutrient to the successive crops [18]. These come up 
with the assumption that foliar application of B under such conditions is a priority alternative 
to soil application. However, the efficiency of foliar-applied B to mitigate B deficiency depends 
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on B mobility through the phloem [14,19], which is linked to the possibility of B complexing 
with sugar alcohols and/or sucrose [20-23]. Boric acid is the main boron fertilizer, and being 
an uncharged molecule, it has high permeability through the plasma membranes [24]. The 
passive diffusion of boric acid is dominated when the available concentration of B is sufficient 
for the plants [25]. The uptake and transport of B in plants under limited B supply are ensured 
by NIP5;1, which play an important role in facilitating the diffusion of boric acid across the 
plasma membrane, and BOR1 which facilitate the transport of borate anion from roots to shoots 
via xylem loading [26-29]. Recently, Diehn, et al. [30], Zhang, et al. [31], and Yang, et al. [32] 
mentioned the functions of the specific genes BnaNIP5;1 and BnaBOR1;1 involved in the 
uptake and transport of B in B. napus. Although the practice of foliar B application has been 
used worldwide, little research has been carried out on the comparative physiological and 
growth responses of B-deficient B. napus plants resupplied with B via roots and leaves. 
Therefore, we investigated the effect B resupply via roots and foliage on the growth, B 
concentration in different tissues, physiological behaviour and the relative expression of 
specific genes involved in B uptake and translocation in B-deficient B. napus plants under 
hydroponics condition for two weeks. Different levels of foliar-applied B were compared for 
their effectiveness and any possible toxicity.  
2. Results 
2.1. Roots and shoots dry matters 
Oilseed rape plants grown under B deficient condition showed the symptoms of B deficiency 
both in the foliar mature leaves (rolled down at the margins, remain green) and young leaves 
(stunted and curled upwards at the margins) (Fig. 1). The plants sprayed with 150 mM B 
solution showed a slight leaf burn at the margins. The growth of B deficient plants was 
substantially recovered following B resupply both via roots and leaves.  
Roots dry matter of -B control plants was only 31% of that produced under +B control (Fig. 
2A). Boron resupply via the roots to B deficient plants improved root dry matter by 20 % over 
the -B control (Fig. 2A). However, the effect of B resupply via leaves on root dry matter 
depended upon the B concentration in foliar spray: -B+LR30 treatment did not significantly 
improve the root dry matter whereas -B+LR60 and -B+LR150 improved root dry matter by 27% 
and 21%, respectively. Shoots dry matter under -B control was 80% of that obtained under the 
+B control. Boron root resupply and leaf resupply treatments -B+LR30 and -B+LR60 
significantly improved shoot dry matter and the magnitude of increases over -B control were 
9%, 11% and 11%, respectively. Leaf resupply treatment -B+LR150 did not affect shoot dry 
matter as compared to -B control (Fig. 2B).  
2.2. Boron concentration 
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The highest B concentration in the roots (30 mg kg-1 DM) was recorded for +B control plants, 
while in -B control plants, the root B concentration was only 32% of what was recorded for +B 
control (Fig. 3A). Boron resupply via roots (-B+RR) to B deficient plants increased B 
concentration up to 90% of what was recorded for +B control plants. Boron resupply via leaves 
did not affect the B concentration in roots. In mature leaves, both root and foliar resupply 
improved B concentration, and increase with the foliage resupply was dose-dependent and 
higher than the root resupply (Fig. 3B). Moreover, B concentration in the mature leaves with 
root resupply could not reach the level of +B control, which was achieved even with the lowest 
dose of foliage resupply. In young leaves, the B resupply treatments increased B concentration 
in the same manner as they did for mature leaves (Fig. 3C).  
However, B concentration in young leaves reached the level or higher than +B control plants 
with only the highest dose (150 mM B) of foliage resupply. Boron root resupply and foliar 
resupply with 60 mM B had similar B concentrations in the young leaves, and these were 47 % 
higher than the -B control plants.  
2.3. Photosynthetic and Transpiration Rates 
The photosynthetic rate of the B-deficient plants showed a significant decline from 20 to 13 
μmol CO2 m-2 s-1 involved two weeks after treatment application (Fig. 4A). However, during 
the same period, a negative change of only 2 μmol CO2 m-2 s-1 was recorded for +B control 
plants. Boron resupply to the B-deficient plants via roots, and via leaves with 30 and 60 mM B 
solution did not affect the photosynthetic rate of B. napus after 7 days of treatment application; 
however, the assimilation rate continued to decrease after 14 days of the treatment period. 
Photosynthetic rates with neither B resupply via the roots nor the leaves could reach the level 
of +B control plants.  
Transpiration rates of the control plants did not differ between the treatments significantly 
throughout the whole measuring period (Fig. 4B). Boron resupply via roots or leaves with 60 
mM B solution slightly increased the transpiration rate compared to the -B control. The plants 
resupplied via foliage with 30 and 150 mM B solution did not improve the transpiration rate 
during two-week of the treatment period. 
2.4. Soluble Sugars 
Concentrations of soluble sugars in both the mature leaves and young leaves were many folds 
higher than those recorded in the roots (Fig. 5). Boron deficiency (-B) led to a substantial 
increase in glucose and sucrose concentration in roots as compared to +B control plants and 
those resupplied via roots. In foliar B resupplied plants, glucose concentration remained the 
same as it was in -B control plants, but sucrose concentration decreased in the dose-dependent 
manner, reaching the level of +B plants with the highest dose of B foliar spray. In the mature 
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and young leaves, B deficiency led to a decline in the concentrations of all sugars, and the 
decline was more drastic in young leaves. Boron resupply via roots increased glucose and 
sucrose concentrations in the mature leaves while it improved the concentrations of all the 
soluble sugars in young leaves. In most of the cases, the improvement in the concentration of 
soluble sugars was maximum at the lowest rate of foliar B resupply, which progressively 
decreased with an increase in the rate of application and became nonsignificant or negative in 
some cases.  
Both in mature leaves and young leaves, B resupply via foliage produced a higher increase in 
the concentration of fructose, whereas reverse response was recorded for sucrose concentration. 
2.5. Relative expression of BnaBOR1;2 and BnaNIP5;1 in roots and leaves 
In order to study whether resupply B in the nutrient solution or foliar-applied affects the 
transport pathway of B under B deficiency, the expression of genes potentially involved in B 
uptake and transport in B. napus plants were investigated. As compared to B-sufficient (+B 
control) plants, B deficient plants (-B control) showed significant upregulation of BnaNIP5;1 
in the roots (3-fold) and leaves (1.5-fold), and of BnaBOR1;2 in only roots (4.5-fold) (Fig. 6). 
In the roots, the B deficiency induced-upregulation of both BnaBOR1;2 and BnaNIP5;1 was 
significantly reversed by B resupply via roots, but the expression levels were still higher than 
the +B control plants. Similarly, B resupply via foliage reversed the B deficiency induced-
upregulation of BnaBOR1;2 in roots and the expression reached the level of +B control plants 
at the highest rate of foliar B application. However, B resupply via foliage could not reverse 
the B deficiency-induced upregulation of BnaNIP5;1 in roots. In leaves, both the methods of B 
resupply reversed the B deficiency induced upregulation of BnaNIP5;1 to the level of +B 
control plants. Interestingly, the relative expression of BnaBOR1;2 in the leaves was neither 
affected by B deficiency nor by B resupply to the B deficient plants. 
3. Discussion 
In this study, we observed B deficiency symptoms (rolled down at the margins, remain green) 
in the leaves of B-deficient B. napus plants (Fig. 1). In accordance with this and as it was 
expected, B-deficient plants produced lower root and shoot dry matters than B-sufficient plants 
(Fig. 2). This is in agreement with the common fact that plants grown under B-deficient 
condition show reduced yield [1,16,33]. Boron concentration in the leaves of B-deficient plants 
was also close to or below the critical concentration of B for B. napus plants [34]. On the other 
hand, B resupply both via roots and foliage to the B-deficient plants increased root and shoot 
dry matters of B. napus (Fig. 2). Improvement in dry matter yield was concomitant with the 
increase in B concentration in the leaves and roots (Fig. 3) in the roots resupply treatment. Some 
previous studies showed that foliar B application could improve B availability in leaves and 
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increase the B concentration in leaves [14,17,33,35-37]. The fact that foliar B resupply 
increased the concentration of B in treated leaves as well as young leaves (Fig. 3B and C) 
implies that foliar-applied B can be transported from mature leaves to young leaves or the 
reproductive organs via the phloem [14,18,38-42]. According to Stangoulis, et al. [23], B has 
moderate phloem mobility in oilseed rape, since limited amounts of borate can be translocated 
to the young tissues through binding with sucrose. In this study, B resupply via roots and leaves 
to B-deficient plants increased shoots dry matter more than roots dry matter (Fig. 2), depicting 
that root growth is more sensitive to B deficiency than shoot growth. However, resupply of B 
via the leaves to B-deficient oilseed rape plants did not increase B concentration in the roots as 
compared to the -B control treatment. These results are in agreement with the results from Asad, 
et al. [33], who found that leaf application of B to B-deficient sunflower plants did not improve 
B concentration in the roots even at the highest B sprayed solution (1200 mM B). The possible 
reason for this could be the dilution effect since B content in the roots of the -B treatment was 
not significantly different as compared to foliage resupply treatments (data not shown) and the 
roots dry matter of foliage treatments increase together with the increasing of B resupply. The 
other reason could be the recycling of B from the roots to the shoot via xylem loading [14]. Our 
result also showed that B concentration in mature leaves of foliar B resupplied, B-deficient 
plants reached the level of +B control plants even with 30 mM B, and further increased with 
the increasing foliar-applied B level. However, B concentration in the young leaves of 30 mM 
B and 60 mM B treatments did not reach the level of +B control plants. Our findings are in 
agreement with the result from Orlovius [15] and Stangoulis, et al. [23], who demonstrated that 
B has moderate mobility in oilseed rape. Thus, it could be interpreted that obtaining a sufficient 
concentration of B in young leaves requires a relatively higher dose of B in the foliar spray. In 
this regard, the required level of B leaf application (150 mM B) showed a significant decrease 
in shoot dry matter, photosynthesis rate. The highest foliar B concentrations in the present 
experiment might have led to high free and unbound B in the leaves which became toxic for the 
plants. Boron concentration in leaves with this foliar treatment was close to the toxic levels 
(above 200 µg g-1) of B in B. napus [43] which implies impracticability of using this B level 
for foliar B application. Based on these results, we might expect that in the leaves of the oilseed 
rape plants receiving high amount of B, which would have a larger leaves area and higher B 
concentration (30 – 150 mM B) the spray solution as compared to roots resupply (25 µM B), 
and the plants were harvested after two weeks of treatment. Therefore, B concentration in the 
mature leaves and young leaves were increased, this is more beneficially to prevent the 
symptoms of B deficiency in the young tissues under low B supply conditions.    
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In our study, B-deficient plants showed a significant decrease in photosynthesis whereas B 
resupply via roots (25 µM B) and leaves (30 and 60 mM B solution) resulted in increased 
photosynthetic and transpiration rates (Fig. 3). Photosynthesis was improved by 15% with both 
B resupply via roots and foliar application of 60 mM B solution, which explains the 
improvement in roots and shoot dry matters under these treatments. Hossain, et al. [44] reported 
that the photosynthetic rate of oilseed rape plants was increased when soil-fertilized with 9 kg 
B ha-1 in the field experiment. This increase in transpiration rate by B resupply could have been 
due to the increase in the number and functioning of stomata under B-sufficient conditions 
[10,14,45]. Foliar spray of 150 mM B solution inhibited shoot growth, photosynthesis rate and 
transpiration rate as compared to the +B control treatment. In addition, we might speculated 
that resupply B via root or leaves, the recovered of photosynthesis might be due to the plant 
have more capability to expand the leaves and accumulate more chlorophyll in the leaves [46].  
Boron deficiency and resupply had different effects on the concentration of soluble sugars in 
the plant tissues. Glucose, fructose and sucrose concentration showed a significant decrease in 
the leaves of B. napus in -B treatment as compared to +B control (Fig. 4). In line with the 
current study, Hegazi, et al. [47] and Zhao and Oosterhuis [48] reported that concentrations of 
sugars in the leaves were decreased under B deficiency. Resupply via the roots in nutrient 
solution and leaves as foliar spray (only 30 and 60 mM B solution) to B-deficient plants led to 
increased glucose, fructose and sucrose concentrations in leaves. This is well justified by the 
improved photosynthetic rate under these B resupply treatments. In this case, roots and leaf 
application of B to B-deficient plants had beneficial effects on shoot growth but it did not appear 
under the highest level of foliar B treatment (150 mM B solution).  
Although it is well known that BnaNIP5,1 and BnaBOR1;2 genes are ubiquitously expressed 
and have a significant role in B absorption and translocation in B. napus [30,32,49,50], the 
effect of roots or leaf resupply on the expression of these genes in B-deficient plants was still 
lacking. We found that the relative expressions of both the genes in the roots of -B control 
plants were significantly upregulated (Fig. 6), confirming that the B in nutrient solution was not 
sufficient for plant growth under this treatment. Since B concentration in the roots and leaves 
was close to the critical level for B deficiency, BnaNIP5,1 channel and BnaBOR1;2 transporters 
were highly upregulated to enhance the absorption and transport of boric acid into the root cell 
and xylem to meet the B demands of plants [25,27]. Boron resupply via roots to B-deficient 
plants resulted in downregulation of BnaNIP5,1 and BnaBOR1;2 in the roots and reached close 
to the level of +B control plants (Fig. 6), suggesting that B resupply via roots is sufficient for 
passive diffusion of boric acid via the plasma membrane into the roots and transport to the shoot 
thought transpiration stream. This agrees with the fact that resupply of B via the roots to the B-
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deficient plants partially retrieved the roots and leaves B concentration, roots and shoots dry 
matters and physiological attributes as compared to the +B control plants. Interestingly, the 
relative expression of BnaNIP5,1 in the roots of foliage treatments was upregulated even at the 
highest B sprayed (150 mM B), whereas the relative expression of BnaBOR1;2 was not 
significantly different as compared to the +B control, except for the foliage treatment resupply 
with 150 mM B. In addition, the expression level of BnaNIP5,1 and BnaBOR1;2 were mainly 
upregulated in the roots of B-deficient B. napus plants [30,51]. The data from this study confirm 
the role of BnaNIP5,1 and BnaBOR1;2 in the uptake and distribution of B in response to B 
supply. However, a full reversal of the B-deficiency induced upregulation in the relative 
expression of BnaNIP5,1 in leaves by B resupply via both the roots and leaves (Fig. 6) might 
be explained by high B concentration in the treated leaves, which was enough to support the 
phloem re-translocation needs of the plants by passive diffusion of B through the plasma 
membrane [14,22,52].  
4. Materials and Methods 
4.1. Plant cultivation and treatment application 
Winter oilseed rape (Brassica napus L. cv. Alpaga, Norddeutsche Pflanzenzucht Lembke 
(NPZ), Hohenlieth, Germany) was grown hydroponically in the greenhouse at day/night 
temperature 22 oC/18 oC and the photoperiod from 8:00 to 22:00 with light intensity of 350 µM 
photon m-2 s-1 (recorded by a light meter, Li-198, Lincoln, USA). Seeds were soaked in aerated 
1 mM CaSO4 solution for 24 h, germinated on a filter paper in darkness and then seedlings were 
exposed to light. Six-day-old, uniform-sized seedlings were transferred to plastic pots (2 plants 
per pot) containing 10 L of one quarter-strength nutrient solution. The strength of the nutrient 
solution was increased to one-half and full-strength on day 4 and 8 days of transplantation, 
respectively. From day 8 onward, only one plant was retained in each pot containing full 
strength nutrient solution. The composition of the full-strength nutrient solution was as follows: 
2.0 mM Ca(NO3)2, 0.5 mM K2SO4, 0.25 mM KH2PO4, 0.325 mM MgSO4, 50 µM NaCl, 1 µM 
H3BO3, 2 µM MnSO4, 0.4 µM ZnSO4, 0.4 µM CuSO4, 0.1 µM Na2MoO4 and 40 µM Fe-EDTA. 
The nutrient solution was replaced every 4th day and the pH of the nutrient solution was adjusted 
to 6±0.2 every second day using 0.1 M HCl. To avoid B contamination, double deionized water 
(18.2 MΩ) was used to prepare the nutrient solution throughout the study. 
For the first two weeks, the plants were grown at 1 µM B (sufficient to support plant growth at 
this stage), and for the latter two weeks, B concentration in nutrient solution was reduced to 
0.25 µM. Plants showed severe B deficiency after the 4th week of growth. Boron deficient, four-
week-old plants (each having seven leaves) were treated as follows: 1st group of plants was 
allowed to grow as such with 0.25 µM B in the nutrient solution (negative control, -B), 2nd 
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group was resupplied with 25 µM B (as H3BO3) in the nutrient solution (-B+RR), while 3rd, 4th 
and 5th groups were foliar sprayed with 7 mL of 30 (-B+LR30), 60 (-B+LR60) and 150 (-
B+LR150) mM B (as H3BO3, equivalent to 2.25, 4.5 and 11.3 mg B plant-1, respectively). Each 
B spray solution was adjusted to the pH 5.3 using 0.1 N NaOH. A positive control (+B), 
supplied with 25 µM H3BO3 in the nutrient solution from the beginning, was also included 
among the treatments. Each treatment had ten independent pot replications. Since the 
temperature of the greenhouse was low in the morning, foliar treatments were realized at this 
time to avoid immediate evaporation of the applied spray solution. Silwet® Gold (0.1%) was 
added as a wetting agent to enhance adherence of the spray solution to leaves. The pots were 
covered with polyethylene sheets while spraying the plants to avoid the contamination of the 
nutrient solution.  
4.2. Gas exchange measurements 
Gas exchange measurements were carried out by a portable gas exchange system (LI-6400XT, 
LI-COR Biosciences, Lincoln, NE, USA). Photosynthetic photon flux density, provided by a 
red/blue LED light source, was adjusted to 1000 µmol m-2 s-1 and ambient CO2 concentration 
to 400 µmol mol-1 by CO2 injection. The first measurement was taken just before applying B 
treatments, and then every 4th day until the harvesting of plants. Measurements were taken from 
10 am to 16 pm on a central 6 cm2 leaf segment of the 6th leaf.  
4.3. Harvesting and sample preparation 
Plants were harvested two weeks after applying B treatments, separated into mature leaves 
(lower seven leaves), young leaves (untreated leaves) and roots, and washed with deionized 
water. Plant samples from one set of five replicates were oven-dried at 65 oC for 72 h and used 
for recording dry matters and analyzing minerals and sugars. The 2nd set of five replicates was 
frozen in liquid N and stored at -80 oC for transporters’ measurements. The dried tissue samples 
were ground to fine powder using a ball-mill grinder. 
4.4. Determination of Boron 
The dried samples (approx. 200 mg each) were digested with 10 mL of 69% 
HNO3 (ROTIPURAN Supra for ICP, 69%) in a closed-vessels 1800 watts microwave digestion 
system (MARS 6 Xpress, CEM Corporation, Matthews, USA) adjusted to the following 
conditions: 2 min at 100 °C, 1 min at 120 °C, 20 min at 180 °C and 20 min cooling time. 
Afterwards, the digested samples were diluted to 100 mL and stored at 4 °C until further 
analysis. The concentration of B in the roots and shoots were determined by ICP-MS 
(Inductively Coupled Plasma Mass Spectroscopy, Agilent 7700, Agilent Technologies Inc., 
USA). To avoid B contamination from glassware, only plasticware were used throughout the 
experimentation and during B analysis.  
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4.5. Determination of soluble sugars 
Soluble sugars were extracted from 30 mg of dry material using 1.5 mL of double deionized 
water. The samples were placed in a shaking bath (Medingen SWB20, Dresden) preheated to 
100 °C for 5 minutes. Thereafter, the samples were cooled on ice for 30 minutes and then 
centrifuged for 10 minutes at 12,000 rpm at 4 oC. The supernatants were collected and diluted 
10 times. The samples were mixed one more time with the vortex (5 seconds) and centrifuged 
(12,000 rpm, 5 min). Samples were cleaned-up with chloroform and run over C18 columns 
(Strata®. 8B-S001-DAK, Phenomex, Torrance, CA, USA). Sucrose, glucose, and fructose 
concentrations were measured by anion exchange chromatography using an ICS-5000 system 
equipped with a Carbo Pac PA-100 column and an integrated amperometric detector (Dionex, 
Sunnyvale, CA, United States). 
4.6. Primer design and Sanger sequencing 
To investigate the mRNA transcript level of BnaBOR1;2 and BnaNIP5;1 transporters, primers 
were designed from sequences available on NCBI database for BnaBOR1;2 (ID GU827643) 
and BnaNIP5;1 (KT899999) of Brassica napus. Primer3plus and primer-blast 
(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/, 
https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi) software were used for primer 
designing. Screened primer characteristics were checked and evaluated in silico by the online 
tool oligo calc (http://biotools.nubic.northwestern.edu/OligoCalc.html) and multiple primer 
analyzer tools provided by Thermo Fisher. All primer pairs were purchased from Eurofins 
Genomics (Ebersberg, Germany). The details of the primers are listed in Table S1. Furthermore, 
amplification of the correct gene was confirmed by the sequencing of the amplicon (Sanger 
sequencing, Instituts für Klinische Molekularbiologie, Kiel).  
4.7. RNA extraction, reverse transcription and real-time quantitative PCR 
Plant samples from the 2nd set of cultivation previously frozen in liquid nitrogen and stored at -
80 °C were used for RNA extraction. Total RNA was isolated from the powdered shoot and 
root material with TRIZOL reagent (Invitrogen, CA, USA) according to the manufacture’s 
protocol. The amount of RNA was quantified using a NanoDrop spectrophotometer (ND1000, 
Thermo Fisher Scientific, USA), and purity was checked by gel electrophoresis. The cDNA 
was synthesized following the manufacturer's instructions in the VersoTM cDNA kit from 
Thermo Fisher Scientific as described in detail by Dinh, et al. [50].  
Quantitative RT-PCR was conducted by PowerUp™ SYBR™ Green Master Mix (Applied 
Biosystems) with family-specific conserved primers (Table S1) on CFX96 Real-Time System 
(Bio-Rad Laboratories GmbH, München, Germany). For each reaction, total volume was 20 μl 
containing 100 nM of each primer and 2 μl of diluted cDNA templates and the sequence of 
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cycling conditions was as follows: 95 °C for 3 min, followed by 40 cycles of 95 °C for 10 s, 
60 °C for 30 s, 72 °C for 30 s, followed by 95 °C for 10 min. Three biological replicates and two 
technical replicates were used for each treatment. Transcript levels of gene were normalized 
with endogenous control (BnaActin rapeseed actin gene, GenBank Accession No. AF111812) 
) [53], and the fold expression changes of target mRNAs were determined using the 2–
ΔΔCt method [54]. 
4.8. Statistical analysis 
The data were statistically analyzed using SPSS software version 22.0 (IBM Corp., Armonk, 
NY, USA). All of the data were tested for normality distribution with Shapiro-Wilk test before 
analysis. Reported data values in the figures are mean ±SE of five indepedent pot replicates. 
Effects of the treatments were tested using oneway-ANOVA and following the 
Duncan's multiple range test of six different groups at p ≤ 0.05. GraphPad Prism 8 was used for 
making graphs. 
5. Conclusions 
It is concluded that under controlled conditions, both root and foliar resupply of B to B-deficient 
oilseed rape plants can partially, retrieve the B deficiency-induced loss in dry matter production, 
physiological functioning and relative expression of specific B transporters. Spray solution with 
60 mM B concentration can be used to get the optimum recovery response without any toxicity 
to the foliage of oilseed rape plants. One-time foliar resupply of B to B-deficient oilseed rape 
plants significantly increased B concentration in the leaves and physiological retrieval response 
as did by the continuous resupply via roots throughout the two-week of growth. However, a 
partial retrieval of the growth with individual root or foliar resupply to B-deficient plants 
suggest the need of dual resupply both via roots and foliage to achieve a complete growth 
recovery of the deficient plants. 
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Fig. 1.  Leaves and roots of B. napus responses to different B treatments in nutrient solution 
grown for 42 days. +B, 25 µM B in NS; -B, 0.25 µM B in NS; -B+RR, 0.25 µM B in NS for 
the first two weeks and then 25 µM B for the latter two weeks; -B+LR30, 0.25 µM B in NS and 
foliar-applied 30 mM B at two weeks; -B+LR60, 0.25 µM B in NS and foliar-applied 60 mM B 
at two weeks; -B+LR150, 0.25 µM B in NS and foliar-applied 150 mM B at two weeks.  
Fig. 2. Root (A) and shoot (B) dry matters and their responses to different B treatments in 
nutrient solution grown Brassica napus for 42 days. +B, 25 µM B in NS; -B, 0.25 µM B in NS; 
-B+RR, 0.25 µM B in NS for the first two weeks and then 25 µM B for the latter two weeks; -
B+LR30, 0.25 µM B in NS and foliar-applied 30 mM B at two weeks; -B+LR60, 0.25 µM B in 
NS and foliar-applied 60 mM B at two weeks; -B+LR150, 0.25 µM B in NS and foliar-applied 
150 mM B at two weeks. The data ± SE are means of five independent pot replicates. Different 
letters on bars indicate significant differences between treatments (ANOVA with Duncan’s 
multiple range test p ≤ 0.05).  
Fig. 3. Boron concentration in young leaves (A), mature leaves (B) and roots (C) of Brassica 
napus grown in nutrient solution under different B treatments for 42 days. +B, 25 µM B in NS; 
-B, 0.25 µM B in NS; -B+RR, 0.25 µM B in NS for the first two weeks and then 25 µM B for 
the latter two weeks; -B+LR30, 0.25 µM B in NS and foliar-applied 30 mM B at two weeks; -
B+LR60, 0.25 µM B in NS and foliar-applied 60 mM B at two weeks; -B+LR150, 0.25 µM B in 
NS and foliar-applied 150 mM B at two weeks. The data ± SE are means of five independent 
pot replicates. Different letters on bars indicate significant differences between treatments 
(ANOVA with Duncan’s multiple range test p ≤ 0.05).  
Fig. 4. Changes in net CO2 assimilation rate (A; µmol CO2 m-2 s-1) and transpiration rate (B; 
µmol H2O m-2 s-1) of Brassica napus grown in nutrient solution under different B treatments 
for 42 days. +B, 25 µM B in NS; -B, 0.25 µM B in NS; -B+RR, 0.25 µM B in NS for the first 
two weeks and then 25 µM B for the latter two weeks; -B+LR30, 0.25 µM B in NS and foliar-
applied 30 mM B at two weeks; -B+LR60, 0.25 µM B in NS and foliar-applied 60 mM B at two 
weeks; -B+LR150, 0.25 µM B in NS and foliar-applied 150 mM B at two weeks. The data ± SE 
are means of four independent pot replicates. Different letters on bars indicate significant 
differences between treatments (ANOVA with Duncan’s multiple range test p ≤ 0.05).  
Fig. 5. Glucose, fructose and sucrose concentrations in the roots (A), mature leaves (B) and 
young leaves (C) of Brassica napus grown in nutrient solution under different B treatments for 
42 days. +B, 25 µM B in NS; -B, 0.25 µM B in NS; -B+RR, 0.25 µM B in NS for the first two 
weeks and then 25 µM B for the latter two weeks; -B+LR30, 0.25 µM B in NS and foliar-applied 
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30 mM B at two weeks; -B+LR60, 0.25 µM B in NS and foliar-applied 60 mM B at two weeks; 
-B+LR150, 0.25 µM B in NS and foliar-applied 150 mM B at two weeks. The data ± SE are 
means of five independent pot replicates. Different letters on bars indicate significant 
differences between treatments (ANOVA with Duncan’s multiple range test p ≤ 0.05).  
Fig. 6. The fold change in the relative expression of BnaBOR1;2 and BnaNIP5;1 gene in roots 
(A, C) and leaves (B, D) of Brassica napus grown in nutrient solution under different B 
treatment for 42 days. +B, 25 µM B in NS; -B, 0.25 µM B in NS; -B+RR, 0.25 µM B in NS for 
the first two weeks and then 25 µM B for the latter two weeks; -B+LR30, 0.25 µM B in NS and 
foliar-applied 30 mM B at two weeks; -B+LR60, 0.25 µM B in NS and foliar-applied 60 mM B 
at two weeks; -B+LR150, 0.25 µM B in NS and foliar-applied 150 mM B at two weeks. Bars 
represent means of three biological replicates, technically replicated two times ± SE. Different 
letters on bars indicate significant differences between treatments (ANOVA with Duncan’s 
multiple range test p ≤ 0.05).  
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F-5’- CCGTTGTACAGGAGATGCTTG -3’ GU827643 
R-5’- AACCCAAGAAGAAGCAAGTCG -3’  
BnaNIP5;1 
F-5’- GGGGCTCACTTAAATCCATCAC -3’ KT899999 
R-5’- CCAACACTAACAGACGGAACAG -3’  
Actin 
F-5’- TCTGGTGATGGTGTGTCTCA -3’ AF111812 
R-5’- GGTCAACATGTACCCTCTCTCG -3’  
Primer design was done by using Primer3plus and primer-blast online software.  
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Chapter 5. General Discussion 
Boron (B) is an essential element for the growth of vascular plants (Brown et al., 2002). The 
important roles of B in the plants have been comprehensively reviewed by Cakmak and 
Römheld (1997) and Brown et al. (2002). The uptake and translocation of B by plant roots are 
affected by several factors, i.e., plant species, B level in the rooting medium, soil nutrient status, 
forms of nutrients applied, soil pH etc. (Wimmer et al., 2015). Many of these factors have been 
studied previously; however, there is still a lack of knowledge in evaluating different B 
concentrations, foliar resupply of B and effects of N forms on B uptake and translocation, 
especially in oilseed rape (Brassica napus L.). Consequently, following three studies were 
conducted to explore these aspects of B nutrition. The second chapter describes about the 
critical concentration of B required for optimum growth of oilseed rape under hydroponic 
condition. In the third chapter, the physiological and growth responses of B-deficient oilseed 
rape plants to foliar and roots resupply of B were investigated. In the fourth chapter, the effect 
of different nitrogen forms on B uptake and distribution, and the relative expression of specific 
genes involved in B uptake was studied.  
5.1. Effect of B supply on biomass and B concentration in oilseed rape  
In this first experiment, hydroponic-based plant cultivation was conducted to establish the 
critical concentration of B required for optimum growth of oilseed rape. Based on the results of 
this experiment, two B levels, critical and optimum, were identified for the other experiments. 
With an optimistic expectation, covering a wide range of B supply from lowest to highest, the 
growth response of plants was found to follow the optimum curve (Chapter 2, Fig. 2). The 
present work depicted a similar normal distribution curve as expatiated by Huang et al. (1996) 
and Asad et al. (1997). Nonetheless, slight symptoms of B toxicity on roots and leaves of oilseed 
rape plants were observed at the highest B rate (1000 µM B) even before significant growth 
retardation. It was found that at the highest rate of B supply (1000 µM), the roots and shoots 
dry matters of oilseed rape were reduced as compared to the sufficient B rate (25 µM B) 
(Chapter 2, Fig. 2). This finding is in accordance with what was reported by Reid et al. (2004). 
Obvious symptoms of deficiency such as reduced leaf elongation, downward cupping, 
brittleness of tissues and darker appearance of roots and shoots were observed in oilseed rape 
grown at the lowest rate of B supply (0.25 µM B) (Chapter 2, Fig.1; Chapter 3, Fig. 1). This 
observation agrees with the findings of Asad et al. (1997) and Savic et al. (2012) who reported 
the deformation and brittleness of leaves accompanied with the growth retardation at the apical 
meristems of roots and shoots as possible symptoms of B deficiency in plants. The maximum 
vegetative growth and biomass performance of oilseed rape plants were obtained at 25 µM 
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external B concentration. Based on the definition of critical value according to Goldbach et al. 
(2000) and Reid et al. (2004) (the minimum tissue or external concentration of a nutrient 
required to produce 90% of the maximum yield or biomass), the critical B concentration in the 
nutrient solution for oilseed rape in the present work was established to be 1 µM B. In this 
study, B deficiency symptoms occurred on roots and leaves with B concentration less than 14 
mg B kg-1 DM. This concentration lies within the range of the critical B concentration (10-14 
mg B kg-1 DM) for the full expanded leaves of B. napus (cv. Eureka.) reported by Huang et al. 
(1996), while lower than that of reported by Asad et al. (2002) (18 mg B kg−1 DM) 75 days old 
oilseed rape grown in the nutrient solution.  
The B concentrations in different parts of oilseed rape plants in the current study also showed 
that B concentrations in the shoot are higher than in the corresponding roots. The results in this 
study support the notion that the transpiration stream significantly induces B distribution in 
oilseed rape, which is denoted in the accumulation of B (Wimmer & Eichert, 2013). It could 
also be explained in general that increasing external B concentration in the nutrient solution 
remarkably increases the internal B concentration of oilseed rape (Asad et al., 2002; Reid et al., 
2004; Eggert & von Wiren, 2016). This clearly indicates that B concentrations in plant parts are 
directly proportional to the external B concentration (Chapter 2, Fig. 2; Chapter 3, Fig. 2), which 
is in agreement with observation by Koohkan and Maftoun (2016). 
Increasing B supply in the nutrient solution and resupply B via the roots and leaves to B-
deficient plants significantly increased B concentration in the mature leaves and young leaves 
of oilseed rape plants as compared to the root tissues (Chapter 2, Fig. 3; Chapter 3, Fig. 3). 
Similarly, in broccoli under sufficient B supply (Shelp et al., 1996), sunflower (Asad et al., 
2003; Matoh & Ochiai, 2005) and peanut (Konsaeng et al., 2010), foliar-applied B has been 
shown to absorb by the leaves. In addition, Eichert and Goldbach (2010) and Stangoulis et al. 
(2010) have mentioned that B can be translocated from the mature leaves to the young leaves 
when deficiency is prolonging to several days. It is well known that B is transported to the new 
leaves via transpiration stream (Brown & Shelp, 1997; Shelp et al., 1998), and B may be 
transferred from xylem to phloem by a B transporter to the young tissues (Shelp et al., 1998; 
Takano et al., 2002). Some other studies in the literature have demonstrated that the 
concentration of B in roots was less affected during the short-term B deficiency than that in 
shoots (Dannel et al., 1998). This study showed that B concentration in the roots did not increase 
by leaf application of B even at the high B supply level (Chapter 3, Fig. 3). This was in 
agreement with Asad et al. (2003), who found that foliar-applied B did not affect B 
concentration in roots of sunflower. The possible reasons might be restricted transport of B 
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from treated leaves to roots and its recycling to shoots via xylem loading (Eichert & Goldbach, 
2010). The other reason could be related to the dilution effect since B content in the roots of 
foliar B treated plants was not significantly different compared with the B-deficient plants 
(Fernández et al., 2013) 
The increase of B supply in the nutrient solution significantly affected the distribution of B in 
the roots and shoots of oilseed rape plants. As expected, the relative distribution of B showed 
that B accumulated more in the roots under low B supply compared to the treatments with high 
B supply (Chapter 2, Fig. 3; Chapter 4, Fig. 4). These results correspond with those of Asad et 
al. (2001); Huang et al. (1996); Matoh (1997); Goldbach and Wimmer (2007) who found that 
B in the roots is bound to the cell wall of the roots and lacks translocation from root to shoot 
under low B supply.   
5.2. Photosynthesis as influences by foliar B application 
Foliar application and roots resupply of B to B-deficient oilseed rape plants led to increased 
photosynthesis and transpiration rate as compared with the B-deficient plants (Chapter 3, Fig. 
3), which were well in line with the increased roots and shoot biomass under these treatments. 
It is known that B deficiency or toxicity significantly reduces photosynthesis and transpiration 
rate. These effects seem to be related to several consequences such as reduced biomass and 
decreased protein and chlorophyll in the leaves (Reid et al., 2004; Landi et al., 2013; Chen et 
al., 2014). In this study, one-time foliar application of 60 mM B and resupply B via the roots 
significantly increased photosynthesis rate; however, it did not reach the level of positive 
control. These effects can be explained by the increased roots and shoot biomass, which might 
be due to the reason that plant have more capability to expand the leaves and accumulate more 
chlorophyll in the leaves (Wimmer & Eichert, 2013). The higher foliar application of B (150 
mM) to B-deficient plants showed  slight B toxicity which resulted in lower photosynthesis and 
reduced shoots biomass. The possible reason for this may be the disruption of stomatal function 
and reduced leaves water status (Wimmer & Eichert, 2013).   
5.3. Impact of foliage and roots resupply B on the expression of B transporter genes 
With regard to the uptake and distribution of B with the exogenous B resupply via the roots or 
via the leaves to B-deficient plants, it was found that under B deficiency, B resupply via the 
leaves to B-deficient plants reversed the B-deficiency induced upregulation of BnaNIP5,1 and 
BnaBOR1;2 in the roots but not to the level of B sufficient +B control plants (Chapter 3; Fig. 
6). Since B concentration in the roots and leaves were close to the critical level for B deficiency, 
BnaNIP5,1 channel and BnaBOR1;2 transporters were highly upregulated to enhance the 
absorption and transport of boric acid into the root cell and xylem to meet the B demands of 
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plants. Comparatively, Diehn et al. (2019) indicated that BnaNIP5,1, and BnaBOR1;2 and its 
isoforms showed significant upregulation in the roots and leaves of oilseed rape under B-
deficiency, suggesting that these genes are particularly important to deliver B to younger 
untreated leaves under B limiting period. Similarly, Yang et al. (2013) showed that upregulation 
of BnaBOR1;2 and BnaNIP5;1 might have played a fundamental role in B translocation in 
oilseed rape. Interestingly, foliar application of B to B-deficient oilseed rape plants induced 
upregulation in the relative expression of BnaNIP5;1 and BnaBOR1;2 in the roots but not in 
the leaves (Chapter 3; Fig. 6). This was supported by an increase in B concentration in the 
leaves of the foliage resupply treatments, while roots B concentration did not significantly differ 
from that of B-deficient oilseed rape plants. This might be explained by the moderate mobility 
of B in oilseed rape (Stangoulis et al., 2010), the free B can be translocation into the new leaves 
through the phloem, but not to the roots. Together with the increase in roots dry matter, low B 
concentration in the roots and upregulation of BnaNIP5;1 in the foliar B treatments, B deficient 
conditions stimulated gene expression for the absorption of B into roots. 
5.4. Specific B uptake rates and B distribution in oilseed rape as affected by nitrogen 
forms  
The specific B-uptake rates is determined during the vegetative stage of growth from the total 
B content per plant and the root dry weights during the uptake period, when shoot and root 
growth are expected to be approximately exponential (Bellaloui & Brown, 1998; Wimmer et 
al., 2005). In this study, the effect of N forms on specific B uptake rate under low and high B 
supply in the nutrient solution was investigated. It was found that oilseed rape roots treated with 
NH4NO3 had the highest specific B uptake rates at both low and high B supply levels (Chapter 
3; Fig. 6B). At the low B supply, the specific B uptake rates were found to be higher in NO3- -
fed plants compared with NH4+ -fed plants in the present study. Since NH4NO3 and NO3- treated 
plants had almost identical growth rates and dry matter of both roots and shoots, the lower B 
concentration in NH4+ fed plant in xylem sap resulted in lower B uptake rate as well as B 
accumulation in the shoots compared with NH4NO3 and NO3- fed plants under low B supply. 
In addition, NH4NO3 and NO3- treated plants had higher water transpiration, which could be the 
reason for higher B uptake because plants absorb B via transpiration pull (Hu & Brown, 1997; 
Wimmer & Eichert, 2013). Nevertheless, the specific B uptake rates in NH4+ and NO3- treated 
plants were not significantly different under high B supply. At an external pH of 4.0, nearly 
100% of the external B is present in the form of the uncharged boric acid (Lauchli & Grattan, 
2017). Consequently, a high B influx rate due to its diffusion through the membrane in 
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combination with reduced transpiration rates could explain the higher B concentration in the 
xylem sap of NH4+-fed plants compared to NH4NO3-fed plants.  
Since B is taken up by plant via passive diffusion of B(OH)3 in the root cell due to the high 
permeability of boric acid to plant cell membrane under high B supply (Hu & Brown, 1997), it 
is reasoned that low and high pH induced by NH4+ and NO3- supply, respectively, is the primary 
factor controlling B uptake in oilseed rape plants. Thus, B uptake under adequate B supply 
could be associated with passive process (Brown et al., 2002) and facilitated uptake via MIPs 
channels, which can transport uncharged molecules (Dannel et al., 2002) and might be enhanced 
by NH4+ as hypothesized. Brown et al. (2002) and Smith et al. (2013) reported that under 
slightly basic pH, only 10% of the B activity is represented in the form of B(OH)4- and it is not 
likely reason to explain reduced plant B uptake. An increase in pH induced by NO3- nutrition 
in this study did not affect B uptake under high B supply.  
The availability of B in the plants and its absorption is affected by the pH of the soil solution 
(Smith et al., 2013). Under low B supply, the relative expression of BnaBOR1;2 and BnaNIP5;1 
were strongly upregulated in the shoots of NH4+-treated plants, this result indicated that shoots 
of oilseed rape plants have a higher requirement for B compare to roots. In addition, the results 
in this study comfirm the important role of these genes to ensure the influx of B into the roots. 
In a previous study, Tsadilas et al. (2005) reported that NH4+ fertilization did not affect the pH 
of an artificially limed acidic soil and hence could not counteract the liming-induced decline in 
hot water extractable B as well as the reduced B accumulation in tobacco plants. This shows 
the fundamental differences between soil and hydroponic studies. In soil, the applied lime was 
probabily capable of buffering the acidic effect produced by NH4+ uptake by the plants, before 
it could affect B uptake. Hence, our results that NH4+ nutrition decreases B uptake by lowering 
the pH of the nutrient solution having initial pH value of 6.5 cannot be extrapolated to an 
alkaline soil where NH4+ supply is not expected to induce such a sharp decline in pH to 
negatively affect plant growth. Rather, in alkaline soils, NH4+ supply is likely to persuade a 
moderate decline in rhizosphere pH that would reduce B binding and thus would have a 
beneficial effect on B uptake by the plants, especially at lower B supply. 
5.5. Ammonium nutrition enhances the expression of BnaBOR1;2 and BnaNIP5;1 in the 
roots and shoots of oilseed rape under marginal B supply 
The responses of specific genes related to the absorption and distribution of B in oilseed rape,i.e. 
BnaBOR1;2 and BnaNIP5;1 (Yang et al., 2013; Hua et al., 2017; Diehn et al., 2019) were 
investigated under different N forms at low and high B supply. Diehn et al. (2019), Feng et al. 
(2019) and (Yang et al., 2013) reported that the BnaNIP5;1 and BnaBOR1;2 genes are 
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ubiquitously expressed and have a significant role in B absorption and translocation in oilseed 
rape under all B supply levels, especially BnaNIP5;1 was strongly expressed under B limiting 
conditions in oilseed rape. In this study, the expression level of both genes in roots was not 
affected at high B supply, suggesting that BnaBOR1;2 and BnaNIP5;1 had low level of 
involvement in B uptake under high B supply, which is fully in line with observations by Yang 
et al. (2013) and Diehn et al. (2019). The relative expressions of these genes were upregulated 
under low B supply, even the given B concentration in the nutrient solution was still higher than 
the critical concentration for oilseed rape. This may be explained possibly by the fact that the 
roots perceived the drop in B concentrations under NH4+ nutrition or the decline in free B in 
NO3- nutrition and responded in advance by increasing the uptake capacity before an absolute 
deficiency occurred. A local reduction in free boric acid under NO3- nutrition would also 
explain, at least in part, why BnaBOR1;2 (and to some extent also BnNIP5;1) expression was 
upregulated in roots, but not in shoots of NO3--fed plants as compared to NH4NO3-fed plants 
under low B supply (Chapter 4, Fig. 7), even though total B concentrations in roots were almost 
identical between both the treatments. Hence, under acidic soil conditions, NH4+ nutrition can 
induce upregulation of B transport mechanisms, even though B concentrations do not indicate 
B deficiency, while NO3- nutrition results in altered B distribution between roots and shoots 
due to a restriction of B transport. 
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Chapter 6: Summary 
 
Boron (B) is an essential micronutrient for vascular plants and its plant availability is reduced 
by soil liming, high soil pH, and drought periods during growth stages. This work, consisting 
of three independent hydroponics experiments, aimed at investigating the growth and 
physiological response of oilseed rape (Brassica napus L.) plants to B supply. In the first 
experiment, the influence of B supply on the growth and distribution of B in oilseed rape was 
investigated. The results showed that oilseed rape plants supplied with 0.25 µM B in the nutrient 
solution showed severe symptoms of B deficiency, which were not seen in the plants supplied 
with 1.0 µM B. The increasing B supply in the nutrient solution significantly increased the 
translocation factor, and hence increased B shoot to root ratio in oilseed rape plants. 
In the second experiment, the effects of continuous B resupply via roots and one-time foliar 
application leaves on growth and physiological response, the relative expression of specific 
genes involved in B absorption and transport in B-deficient oilseed rape were evaluated. It was 
found that continuous root resupply and one-time foliar resupply B to B-deficient plants 
partially retrieved B concentration in the leaves and dry matter production, with a corresponding 
increase in the net carbon assimilation, transpiration rate and sugar accumulation. The finding 
from this work provided evidence that the relative expression of BnaNIP5;1 and BnaBOR1;2 
strongly upregulated in the roots and leaves of B-deficient oilseed rape plants. However, gene 
expression of BnaNIP5;1 and BnaBOR1;2 was upregulated only in roots, which could be 
attributed to the low B concentration in roots in the foliar-applied B treatments. The effects of 
foliar B resupply on the growth of oilseed rape suggest that dual resupply via roots and foliage 
is needed to achieve a complete growth recovery of the B deficiency in oilseed rape. 
In the third experiment, the mechanisms underlying the uptake and distribution of B in oilseed 
rape under different nitrogen forms were elucidated. The concentration of B in the oilseed rape 
was not affected by the N forms, whereas it depended on the levels of B supplied. Marginal B 
supply significantly decreased specific B uptake rates as well as B concentrations and 
accumulation in roots and shoots as compared to the high B supply. The NO3--fed plants showed 
reduced xylem B concentrations and accumulated relatively more B in roots than that recorded 
with other N forms. The relative expression of BnaNIP5;1 was upregulated in roots, while both 
BnaBOR1;2 and BnaNIP5;1 were upregulated in shoots in the NH4+-fed plants under marginal 
B supply. Nitrate nutrition led to up-regulation of BnaBOR1;2 and BnaNIP5;1 in roots only. 
Nitrate-induced alkalinization results in altered B distribution between roots and shoots due to 




a restriction of B transport, while NH4+-induced acidity can induce upregulation of B transport 
mechanisms, even though B concentrations do not indicate B deficiency.  






Bor (B) ist ein essentieller Mikronährstoff für Gefäßpflanzen. Die Pflanzenverfügbarkeit von 
B wird durch Bodenkalkung, hohen Boden-pH-Wert und Trockenperioden reduziert. Die 
vorgelegte Arbeit, bestehend aus drei unabhängigen Hydrokulturversuchen, hatte zum Ziel, das 
Wachstum und die physiologische Reaktion von Rapspflanzen (Brassica napus L.) auf die B-
Versorgung unter verschiedenen Wachstumsbedingungen zu untersuchen. 
Im ersten Experiment wurde der Einfluss der B-Versorgung auf das Wachstum und die 
Verteilung von B in Raps untersucht. Die Ergebnisse zeigten, dass Rapspflanzen, die mit 0,25 
µM B in der Nährlösung versorgt wurden, schwere B-Mangelsymptome aufwiesen, die bei den 
Pflanzen, die mit 1,0 µM B versorgt wurden, nicht zu sehen waren. Die zunehmende B-
Versorgung in der Nährlösung erhöhte signifikant den Translokationsfaktor und steigerte somit 
das Spross-Wurzel-B-Verhältnis in Rapspflanzen. 
Im zweiten Experiment wurden die Auswirkungen einer kontinuierlichen B-Versorgung über 
die Wurzeln und einer einmaligen Blattapplikation auf das Wachstum untersucht. Außerdem 
wurde die physiologische Reaktion sowie die relative Expression spezifischer Gene, die an der 
B-Absorption und dem B-Transport in B-defizientem Raps beteiligt sind, gemessen. Es konnte 
festgestellt werden, dass die kontinuierliche Wurzelzufuhr und die einmalige Blattapplikation 
die B-Konzentration in den Blättern und die Trockenmasseproduktion von Pflanzen mit 
Bormangel teilweise wiederherstellte. Dies hatte einen Anstieg der Netto-
Kohlenstoffassimilation, der Transpirationsrate und der Zuckerakkumulation zur Folge. Die 
Ergebnisse dieser Arbeit lieferten den Beweis, dass die relative Expression von BnaNIP5;1 und 
BnaBOR1;2 in den Wurzeln und Blättern von B-defizienten Rapspflanzen stark hochreguliert 
waren. Nach einer B-Blattapplikation war die Genexpression von BnaNIP5;1 und BnaBOR1;2 
jedoch nur in den Wurzeln hochreguliert, was auf die niedrigen B-Konzentration in den 
Wurzeln zurückzuführt werden konnte. Die Auswirkungen einer B-Blattapplikation auf das 
Wachstum von Raps deuteten darauf hin, dass eine Blattapplikation zusätzlich zur 
Wurzelapplikation notwendig ist, um eine vollständige Erholung des Wachstums bei B-Mangel 
in Raps zu erreichen. 
Im dritten Versuch wurden die Mechanismen, die der Aufnahme und Verteilung von B in Raps 
unter verschiedenen Stickstoffformen zugrunde liegen, aufgeklärt. Die B-Konzentration in 
Rapspflanzen wurde durch die N-Formen nicht beeinflusst. Jedoch hatte die Höhe der B-
Konzentration in der Nährlösung einen Einfluss auf die Aufnahmerate von B. Eine geringe B-




Versorgung verringerte signifikant die spezifischen B-Aufnahmeraten sowie die B-
Konzentrationen und die Akkumulation in Wurzeln und Sprossen im Vergleich zu einer hohen 
B-Versorgung. Die mit NO3- versorgten Pflanzen zeigten eine reduzierte B-Konzentration im 
Xylem. Andererseits akkumulierten sie relativ mehr B in den Wurzeln, im Vergleich zu 
Pflanzen mit einer NH4+-Ernährung. Unter marginaler B-Versorgung war in Rapspflanzen mit 
einer NH4+-Ernährung die relative Expression nur von BnaNIP5;1 in den Wurzeln 
hochreguliert, während sowohl BnaBOR1;2 als auch BnaNIP5;1 im Spross eine erhöhte 
Expression aufzeigten. Die Düngung mit NO3- führte nur in den Wurzeln zu einer 
Hochregulierung von BnaBOR1;2 und BnaNIP5;1. Außerdem kam es zu einer veränderten B-
Verteilung zwischen Wurzeln und Spross aufgrund einer Einschränkung des B-Transports. Dies 
kann auf eine NO3--induzierte Alkalisierung zurückgeführt werden. Dahingegen kam es unter 
NH4+-Ernährung zu einer Hochregulierung von B-Transportmechanismen, obwohl die B-
Konzentrationen über dem kritischen Wert eines B-Mangels lagen. Dies wird durch die 
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